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ABSTRACT

Foreign object damage (FOD) behavior of two commercial gas-
turbine grade silicon nitrides, AS800 and SN282, was determined at
ambient temperature through post-impact strength testing for thin disks
impacted by steel-ball projectiles with a diameter of 1.59 mm in a
velocity range from 115 to 440 m/s. ASB800 silicon nitride exhibited a
greater FOD resistance than SN282, primarily due to its greater value
of fracture toughness (Kic). The critical impact velocity in which the
corresponding post-impact strength yielded the lowest value was
V=440 and 300 m/s for AS800 and SN282, respectively. A unique
lower-strength regime was typified for both silicon nitrides depending
on impact velocity, attributed to significant radial cracking. The
damages generated by projectile impact were typically in the forms of
1ing, radial, and cone cracks with their severity and combination being
dependent on impact velocity.  Unlike thick (3 mm) flexure bar
specimens used in the previous studies, thin (2 mm) disk target
specimens exhibited a unique backside radial cracking occurring on the
reverse side just beneath the impact sites at and above impact velocity
of 160 and 220 m/s for SN282 and AS800, respectively.

INTRODUCTION

Ceramics, because of their brittle nature, are susceptible to localized
surface damage and/or cracking when subjected to impact by foreign
objects. It is also true that ceramic components may fail structurally
even by soft particles when the kinetic energy of impacting objects
exceeds certain limits. The latter case has been often found in
aerospace engines in which combustion products, metallic particles or
small foreign objects cause severe damage to blade/vane components,
resulting in serious structural problems. Therefore, foreign object
damage (FOD) associated with particle impact needs to be considered
when ceramic materials are designed for structural applications. In
view of this importance, a considerable amount of work on impact
damage of brittle materials by sharp particles as well as by “blunt”
particles or by plates has been accumulated both experimentally and
analytically [1-10].

In previous studies [11,12] by the authors, FOD behavior of two
representative gas-turbine grade silicon nitrides, AS800 and SN282,
was determined at ambient temperature using flexure bar test
specimens. Rigidly supported ceramic target flexure specimens were
impacted at their centers by steel ball projectiles with a diameter of
1.59 mm in a velocity range from 220 to 440 m/s. Post-impact strength

of the target specimens impacted was determined as a function of
impact velocity to accurately evaluate the severity of impact damage.
AS800 silicon nitride exhibited a greater FOD resistance than SN282,
due to its greater value of fracture toughness (Kjc). The key material
parameter, K¢, affecting FOD resistance was further evidenced by the
FOD response of an additional equiaxed, fine-grained silicon nitride
that exhibited the lowest fracture toughness of the three silicon nitrides
tested. The damage generated by projectile impact was typically in the
forms of well- or ill-developed ring and/or cone cracks with some
limited presence of radial cracks.

The current work, as an extension of the previous studies,
investigates FOD behavior of AS800 and SN282 silicon nitrides at
ambient temperature using a thin disk configuration of target
specimens. The target disks were impacted at their centers at velocities
ranging from 115 to 440 m/s by 1.59-mm-diameter steel ball
projectiles. Post-impact strength of each disk specimen impacted was
determined in ring-on-ring biaxial flexure as a function of impact
velocity to evaluate the severity of impact damage. Fractography was
performed before and after post impact strength testing to determine
impact morphologies and the nature of strength—controlling flaw
configurations.

EXPERIMENTAL PROCEDURES

Materials and Test Specimens

Materials used in this work were the same as those used in the
previous work, i.e, commercially available silicon nitrides, AS800
(fabricated by Honeywell Ceramic Components, Torrance, CA, *99
gelcast vintage) and SN282 (fabricated by Kyocera, Vancouver, WA,
’00 vintage). These two silicon nitrides are currently considered as
strong candidate materials for gas-turbine applications in view of their
substantially improved elevated-temperature properties. Both materials
are toughened silicon nitrides with microstructures tailored into
elongated grain structures. The degree of elongation and the size of
grains were greater in AS800 than SN282. AS800 silicon nitride has
been used at the NASA Glenn Research Center in life prediction
programs [13,14]. The billets for each material were machined into
disk test specimens measuring 2.0 mm by 45.0 mm, respectively, in
thickness and diameter. The final finishing was completed with a #500
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Table 1. Basic mechanical and physical properties of AS800 and SN282 silicon nitrides and steel-ball projectiles at ambient temperature [12]

Elastic | Poisson’s | Density” | Hardness® Fracture Strength® Fracture
modulus' ratio’ p (g/em®) H (GPa) toughness’
Material E (GPa) v Mean strength Weibull Characteristic Kic
(MPa) modulus strength (MPavVm)
(MPa)
AS800 Si;N, 309 0.27 327 13.6£1.4 775(45)° 21 795 8.1(0.3)
SN282 Si;N, 304 0.28 332 15.3+0.2 595(64) 11 623 5.5(0.2)
Chrome steel balls 200* 0.30* 7.80* HRC>60* - - - -
(SAE 52100)

Notes: 1. By the impulse excitation technique, ASTM C 1259 [15]; 2. By mass/volume method; 3. By Vickers microhardness indentation, ASTM C 1327 [16]; 4. By
four-point flexure with 20/40 mm spans with a total of 20 specimens for each material, ASTM C1161 [17]; 5. By single-edge-precracked-beam (SEPB) method, ASTM
C 1421 [18]; * From the manufacturer’s data, HRC=Hardness in Rockwell C scale; * The numbers in the parentheses indicate +1.0 standard deviations.

Laser
receiver
Target
disk
” -y
C 5 o= o ™~ Steel support
i aoti Si;N, support
Gun barrel ﬂ ﬁ Projectile di;k4 PP
Laser
transmitters

Figure 1. Schematic of impact test arrangements

diamond wheel. The basic mechanical and physical properties of
ASB00 and SN282 silicon nitrides as well as of the steel-ball projectile
material (SAE 52100 chrome steel) are shown in Table 1.

Foreign Object Damage Testing

Foreign object damage (FOD) testing was carried out at ambient
temperature using the experimental apparatus shown in Figure 1. A
detailed description of the apparatus can be found elsewhere [11,12].
Hardened (HRC>60) chrome steel-balls with a diameter of 1.59 mm
were inserted into a 300mm-long gun barrel with an inner diameter of
1.59 mm. A He-gas cylinder and relief valves were used to pressurize
the reservoir to a specific level depending on prescribed impact
velocity. Upon reaching a specific level of pressure, a solenoid valve
was instantaneously opened accelerating a steel-ball projectile through
the gun barrel to impact a target specimen that was rigidly supported on
an ASB00 disk specimen (2-mm thickness and 45-mm diameter)
backed by a metallic specimen holder. Each target specimen was
aligned such that the projectile impacted at the center of the test
specimen with a normal incidence angle.

For a given pressure, the velocity of each steel projectile was
determined using two pairs of laser transmitter and receiver, in which
the two transmitters were aimed at the respective receivers through two
holes in the gun barrel (see Figure 1). The distance between the two
holes was 25 mm, with the front hole located about 70 mm away from
the front end of the gun barrel. The time for a projectile to travel

between the two holes was measured with a digital storage oscilloscope
connected to the two pairs of laser transmitter and receiver. The
velocity was then calculated based on the distance-time relationship. A
relationship between velocity and pressure was determined in a range
of pressure from 0 to 800 psi [12]. It was found that velocity increased
with increasing pressure, rising sharply at lower pressure but
moderately at higher pressure. The range of impact velocity applied in
this work was from 115 to 440 m/s. Typically, 10 test specimens were
impacted at each chosen velocity for a given material. Impact
morphologies at both impact site and backside of each impacted
specimen were examined optically right after impact testing but prior to
post-impact strength testing.

Post-Impact Strength Testing

Strength testing for impacted disks was performed in ambient-
temperature air to determine the severity of impact damage using a
steel ring-on-ring biaxial flexure fixture with 20-mm load-ring and 40-
mm support-ring diameters. A series of steel balls were used to
eliminate frictional constraint at each of load and support rings, similar
to a trust ball bearing assembly. Each impact-tested specimen was
coaxially located in the biaxial flexure fixture such that its impact site
was placed in tension side. An electromechanical test frame (Model
8562, Instron, Canton, MA) was used in displacement control with an
actuator speed of 0.5 mm/min. Slow crack growth occurring during
strength testing in air at ambient temperature for some ceramics such as
alumina and glass-ceramics was not an issue for the case of most
silicon nitrides and silicon carbides. Biaxial flexure strength was
calculated based on the analysis by Shetty et al [19]. A fractographic
analysis was performed after strength testing to determine failure

" origin, flaw configuration, and mode of fracture. ‘As-received’ biaxial

strength was also determined for each material with 5 to 8 test
specimens using the same test fixture, test frame and test conditions
that were utilized for the post-impact strength testing.

RESULTS AND DISCUSSION

Post-impact Strength

The results of two-parameter Weibull distributions of ‘as-received’
biaxial flexure strength of both AS800 and SN282 silicon nitrides
showed that Weibull modulus (m) and characteristic strength (op) were
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Figure 2. Post-impact biaxial strength as a function of impact
velocity, determined for AS800 and SN282 silicon nitrides disks
impacted by 1.59-mm-diameter steel ball projectiles at ambient
temperature. “AsR” indicates as-received biaxial flexure strength
of each material. The open symbols represent the specimens failed
from impact sites, while the closed symbols indicate the specimens
not failed from impact sites.
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Figure 3. Weibull post-impact biaxial strength distributions of
AS800 and SN282 silicon nitrides disks impacted at 300 m/s by
1.59-mm-diameter steel ball projectiles.

m=18 and oy =698 MPa for AS800, and m=8 and oy =451 MPa for
SN282, respectively. The mean strength was 678+45MPa for AS800
and 426160 MPa for SN282. Weibull modulus (=18, 8 for AS800
and SN282, respectively) in biaxial configuration compares well with
that (m=21, 11 for AS800 and SN282, respectively, see Table 1) in
uniaxial four-point configuration determined previously [12]. The
number of test specimens used in biaxial strength testing was 10 and
21, respectively, for AS800 and SN282.

The results of strength testing for impacted target specimens are
shown in Figure 2, where post-impact biaxial flexure strength was
plotted as a function of impact velocity for both silicon nitrides. “As-
received” biaxial flexure strength of both materials was also included
for comparison. Frequently, specimens impacted at low velocities did
not fracture from impact sites and were indicated with closed symbols
in the figure. For AS800, two specimens out of ten did not fracture
from the impact sites at 220 m/s. For SN282, nine, four, two and one
specimens (each out of ten) did not fail from the impact sites at 115,
160, 220, and 270 m/s, respectively. Some of these specimens not
failed from the impact sites for each material were equivalent in
strength to the as-received specimens, and thus used as valid data in
estimating the overall as-received biaxial strength of each material.

As seen in the figure, the post-impact strength, in general,
decreased with increasing impact velocity. Unlike the post-impact
strength of flexure bars [11,12], the post-impact biaxial strength for a
given impact velocity (greater than 220 and 160 m/s for AS800 and
SN282, respectively) was typified with two distinct regions of strength:
higher and lower strength regimes. The strength of the lower regime
was around 150 and 100 MPa for AS800 and SN282, respectively. The
lower strength regime started at 300 m/s and 160 m/s for AS800 and
SN282, respectively. The post-impact strength of each material
converged to this lower-regime strength as impact velocity sufficiently
increased. This velocity at which a minimum (or the lowest) post-
impact strength was retained is called the “critical impact velocity” (V)
and was found as follows:

V. ~ 440 m/s for AS800 )
V. = 300 m/s for SN282

These critical impact velocities observed for the disks are in good
agreement with those observed in flexure bars for AS800 and SN282,
V=400 and 300 m/s, respectively [11,12]. In the case of flexure bars,
the test specimens failed upon impact at the critical impact velocity
yielding a zero strength due to their small width (4 mm); whereas, in
disks the specimens did not fracture upon impact, but instead exhibited
radial cracks of significant size while retaining the lower regime
strength in strength testing because of the relatively large disk diameter
(=45 mm) compared with the size of radial cracks. A fractography
section will cover the details regarding impact morphologies, modes of
fracture, and other important damage features.

Although not presented here, the two strength regimes were
observed more distinctly from Weibull strength plots. The uni-modal
strength distribution was characterized in as-received specimens, at
lower impact velocities, and at or above critical impact velocities, while
the bi- or tri-modality was typified at intermediate impact velocities. A
typical example of Weibull plots of both silicon nitrides at an impact
velocity of 300 m/s is depicted in Figure 3. Most of the SN282
specimens (9 out of 10) failed at the lower-strength regime with
strength around 100 MPa). For AS800, more specimens failed at the
higher-strength regime than at the lower-strength regime, resulting in a
bi- or tri-modal strength distribution.

An average value of post-impact strength at each (high and low)
strength regime was utilized to better represent the post-impact strength
behavior of both silicon nitrides, and the results are shown in Figure 4.
This figure clearly shows features such as the two strength regimes, the
strength envelope between the related impact velocities, and the critical
impact velocity, etc. From these results as well as from Figure 2, it can
be concluded that resistance to FOD is greater in AS800 than in SN282,
consistent with the previous FOD results on flexure bar specimens at
ambient temperature [11,12].
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Figure 4. Mean post-impact biaxial strength as a function of impact
velocity for AS800 and SN282 silicon nitrides disks impacted by
1.59-mm-diameter steel ball projectiles. Error bars indicate +1.0
standard deviation. “AsR” indicates as-received biaxial flexure
strength of each material. The numbers in the parentheses
represent the number of test specimens failed at the lower strength
regime.

Figure 5. A typical example of a flattened steel ball projectile
subjected to an impact velocity of 220 m/s to AS800 silicon nitride.

Impact Morphology and Fractographic Analysis
Steel-ball projectiles

Some of the steel-ball projectiles were collected upon impact for
fractographic analysis. The hardened steel-ball projectiles were
flattened after impact as a result of accompanying plastic deformation.
In some cases, the projectiles were subjected to both extreme heat
evidenced by buming marks and cracking, particularly at higher impact
velocity. The degree of plastic deformation of the projectiles in terms
of projectile-diameter decrease was about 20 to 40 % depending on
impact velocity. Also note that the flattened surfaces of the steel-ball
projectiles retained the impression of the machining marks of ceramic
target specimens with a series of numerous parallel lines, indicative of
a significant severity of impact involved, as shown in Figure 5.

Contact areas/impressions

The tensile principal stress, according to the Hertzian contact
analysis, occurs just outside the contact area between two contacting
bodies in which a cone crack initiates and propagates through the locus
of maximum tensile stress [5,9). In cases of impacts with hard
projectiles vs. hard target materials (such as ceramic balls vs. ceramic
target materials), it has been shown that agreement between the

calculated contact area (radius) and the upper size (radius) of a cone
was reasonable [4]. The contact area can be estimated based on the
Hertzian contact theory together with the principle of conservation of
impact energy as follows [1,4,5,8]:

a:a(k/E)llspllsR VZ/S (2)

where a is the radius of contact area, o is a constant (=1.3), E is the
elastic modulus of the target material, p is the density of the projectile,
R is the radius of the projectile, and V is the impact velocity. The
parameter ¥ is expressed as

k:(l—v2)+(l—v'2)§ (3

where v is Poisson’s ratio and the primes denote variables associated
with the projectile. The calculated contact area based on Eq. (2) was
significantly (almost twice) greater than the impression sizes observed.
However, it should be noted that a direct comparison should not be
made between the calculated and the observed since the calculated
contact size was unrealistically large, which were well in the range of
plastic deformation of the impacting projectiles. As a consequence, the
impact events in this work can be characterized as ‘plastic (in
projectile)-elastic (in target material)’ rather than ‘elastic-elastic’
impact that is the case for ceramic balls vs. ceramic target. It is
interesting to note that a consistent size (0.23-mm diameter) of upper
cones was observed regardless of impact velocity. This is contradictory
to the Hertzian contact theory, which states that the contact area
increases with increasing impact velocity and that the tensile principal
stress occurs just outside the contact area between two contacting
bodies in which a cone crack initiates and propagated through the locus
of maximum tensile stress [5,9]. The discrepancy is again believed to
be a result of significant plastic deformation in which Hertzian contact
theory might not be applicable.

Fracture surfaces/modes

At lower impact velocities, failure from ring cracks was common
to both AS800 and SN282 specimens. Part of the ring contour was
seen at the failure origin as a small curved portion, as shown in Figure
6(a). The fracture surfaces also portrayed such a curved portion.

At intermediate impact velocities for each material, both ring and
radial cracks were associated with failure. The upper cones located at
the impact center, whether somewhat well developed or not, seemed to
be rarely associated as failure origins. The failure location of ring
cracks, measured from the impact center, was 0.28+0.07 mm (or 0.56-
mm diameter). This indicates that the strength-controlling ring cracks
were situated between the (inner) impression diameter (=0.82 mm) and
the upper cone diameter (=0.23 mm). The lower-strength regime,
typified at intermediate impact velocities of each material, was
associated exclusively with well-developed radial cracks ranging in
size from 3 to 5 mm, emanating from the impact sites, as shown in
Figure 6(b). These well-developed radial cracks resulted in the lower-
regime strength of about 150 and 100 MPa, respectively, for AS800
and SN282. Hence, it is important to note that the existence of lower
strength regime was due to the occurrence of these significant radial
cracks.

At higher impact velocities close to or above the critical impact
velocity, failure of both materials was mainly associated with well-
eveloped radial cracks although well-developed cone cracking occurred
simultaneously and invariably. In many cases, cones with lower
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Figure 6. Typical examples of impact damage of AS800 target specimens at lower impact velocity: (a) fracture origin (arrowed) emanating
from a ring crack (V=220 m/s; strength=616 MPa); (b) radial cracks (designated with ‘R’) emanating from impact site (V=220 m/s;
strength=151 MPa, controlled by the lower radial crack with a size of 4.7 mm).
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Figure 7. Typical examples of impact damages of an AS800 silicon nitride disk impacted at a high velocity of 440 m/s by a 1.59-mm-
diameter steel ball projectile: (a) impact site showing impression, radial cracks (R), and upper cone (UP) before strength testing; (b)
backside view showing backside radial cracks (BC, radiating from the center) and lower diameter of a cone (LC) before strength testing; (c)
fracture surface showing a cavity of a cone (CC), impact-site radial cracks (R), and backside radial cracks (BC); (d) a separated cone with a

lower diameter of about 5 mm.. Strength= 192 MPa.

diameters ranging from 4 to 6 mm were separated from the specimens
after strength testing. Typical examples showing impression, radial
cracks, upper cone, backside cracks (this will be discussed later),
fracture surface, and a separated cone are shown in Figure 7. The
geometry of cones, including upper and lower cone diameters and
heights of cones, was determined for both silicon nitrides from either
fracture surfaces or separated cones using typically 7 specimens
available in measurements at each high impact velocity. The cone
angle, defined as half of apex angle, was calculated based on the
determined cone geometry.” The cone angle, with an average value of
42+2° remained almost unchanged regardless of material over impact
velocities from 350 and 440 m/s. Limited information on cone angle
for the case of impact of ceramic target by steel ball projectiles exists in
the literature with only a form of photographs (e.g., [20]), so a
meaningful comparison between this work and the published data could
not be made. However, it should be noted that the angle also depends
on variables such as specimen geometry, type of specimen support,
projectile material, and impact velocity, etc.

Strictly speaking, the cones were not straight but a little curved particularly
toward their bottom. The calculation of cone angle, however, was made based
on the straight line extended to the bottom in some cases.

In the simultaneous presence of ring, radial, and cone cracks, the
radial cracks were most influential in controlling the magnitude of post-
impact strength. The probability of radial cracking for a given impact
velocity was greater in SN282 than in AS800, attributed to lower
fracture toughness of SN282. Radial cracking initiated with a low
probability (10-20 %) at 160 and 220 m/s for SN282 and AS800,
respectively.  The critical impact velocity of 300 and 440 m/s for
SN282 and AS800, respectively, corresponded to the situation at which
radial cracking occurred with a 100 % probability for both silicon
nitrides. Although not presented here, a prediction of strength as a
function of radial crack size was made based on a semi-circular crack
assumption and was found in good agreement with the experimental
data [21]. This implies that the necessity of detailed knowledge on
complex radial crack geometry/configuration (such as non-symmetrical
and significant elliptical shapes) involved in radial cracking would be
minimized or eliminated. A routine measurement of (maximum) radial
surface cracks and the use of a simple semi-circular assumption could
give a reasonable estimation of prospective post-impact or potential
component strength.
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Figure 8. Typical examples of well-developed backside radial
cracking: (a) AS800 silicon nitride disk impacted at 300 m/s (before
strength testing); (b) SN282 silicon nitride disk impacted at 300 m/s
(before strength testing). The corresponding post-impact strength
was 450 and 96 MPa, respectively, for the AS800 and SN282
specimens. Significant crack sizes ranged from 4 to 7 mm.

Backside cracking and its analytical consideration

Unlike flexure bar specimens, disk target specimens exhibited a
peculiar feature of backside cracking that occurred on the reverse side
of disks depending on impact velocity. Typical backside cracking
generated upon impact -but prior to post-impact strength testing- is
shown in Figure 8. Well-defined radial cracks originated in the reverse
side of the specimen from a point just beneath the impact site. The
crack configuration was semi-elliptical with minor to major axis ratio
of about 0.2-0.3. Backside cracking initiated with a low probability of

- 20-30% at 160 and 220 m/s for SN282 and AS800, respectively, and it
reached 100 % probability at velocity of ¥ 2 350 m/s for both silicon
nitrides. The sizes of backside cracks, measured from its center, were
almost constant for AS800 independent of impact velocity with a mean
size of about 6 mm; whereas, SN282 showed a dependency of crack
size on impact velocity such that crack size increased from 4 to 7 mm
with increasing impact velocity.

The reason for the occurrence of backside cracking has been
considered using an elastic foundation approach [21]. Although the
target specimens were rigidly supported, due to the significant impact
force (estimated conservatively by the quasi-static contact theory
[1,4,5,8]), it was postulated that they might respond as though
supported on an elastic foundation. Any deflection of the elastic
foundation would result in bending of the target specimens, which in
turn would induce a tensile stress field on the reverse of the specimen.
The results of maximum tensile stress estimated using the elastic
foundation approach [22] are shown in Figure 9, where the maximum
tensile stress was plotted as a function of impact force for three
different beam widths (b) and two different types of elastic supports.
For b=10 mm, relatively smaller than the target specimen’s diameter,
the maximum tensile stress at P=25 kN corresponding to the case
(V=350 m/s) where all of the AS800 and SN282 disks exhibited
backside cracking, was 240 and 270 MPa, respectively, for silicon
nitride and steel supports. For 4=30mm, which might provide a better
representation of the actual target specimen diameter, the respective
maximum tensile stress was 80 and 90 MPa. Hence, the estimated
maximum tensile stress based on the elastic foundation approach was
much lower than the target material’s strength and consequently
insufficient to cause backside cracking. Although several simplifying
assumptions were used in the estimation and their justification must be
verified, the elastic foundation approach gives an insight into the reason

for the occurrence of backside cracking at least qualitatively. If the
target specimens with backside cracks were regarded as actual
structural components under service with unexpected, varying load
conditions, the strength/reliability of the components, as a consequence,
should be based on a degree of severity of backside cracking: For
example, the strength of disks containing backside cracks with an
average size of 6 mm, called backside strength, was only 130 and 90
MPa, respectively, for AS800 and SN282. Because of the occurrence
of backside cracking, the lower and upper limits of impact velocities
have to be reconstructed for a structural design point of view. The
backside cracking was also observed recently for intermetallic disks
[23] as well as for silicon nitride disks [24].
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Figure 9. (a) Specimen/elastic-foundation subjected to a

concentrated load (impact); (b) Maximum tensile stress as a
function of impact force occurring on the reverse side of a disk at a
point opposite to impact site [21,22]. Impact force was estimated
by the idealized quasi-static contact theory [1,4,5,8]. The initiation
velocity for backside cracking is indicated as an arrow for each
material. V), is a velocity (=350 m/s) that resulted in 100 %
backside cracking for both AS800 and SN282 silicon nitrides.
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Figure 10. Fracture map constructed for AS800 and SN282 silicon
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ambient temperature. The range of impact velocity for backside
cracking is also included. “(+Cone)” represents cone cracking but
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Fracture map (summarized)

As aforementioned, several different types of damage/cracking
including ring, radial, cone, and backside cracks were individually or
simultaneously generated in disk target specimens, depending on
impact velocity. Figure 10 shows a fracture map, which summarizes
the types of damages/cracks with respect to impact velocity for both
AS800 and SN282 silicon nitrides based on the results of impact
morphologies and fractographic analysis. At low impact velocities for
each material, ring cracks were dominant and controlled the post-
impact strength. At intermediate velocities, ring and radial or cone (a
rare case) cracks were prevailing, and the ring or radial cracks
determined the post-impact strength; radial cracking increased with
increasing impact velocity. At or above the critical impact velocities,
both well-developed radial and cone cracks occurred; however, the
radial cracks uniquely controlled the post-impact strength.

Figure 10 also includes the range of impact velocities where
backside radial cracking for each silicon nitride takes place. Cone
cracking started to develop at intermediate velocities, and was very
well developed at or above the critical impact velocity. Although cone
cracks would not affect component strength significantly in view of
their geometry and size compared with the severity of radial cracks,
they are responsible for material loss when the cones are formed
through the thickness of a component and then separated from the
component. This problem would be significant if one of the
requirements of the component is of some type of sealing, separation,
and/or environmental barriers.

Analytical Considerations of Strength Degradation

A phenomenological model of strength degradation due to ball
impact was proposed previously by Wiederhorn and Lawn [1], based
on assumptions that the impact event was elastic and quasi-static and
that strength degradation was attributed to a formation of cone cracks.
Also, another important assumption was that the “effective” size of
strength controlling flaws was proportional to the base radius of the
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Figure 11. Post-impact strength as a function of impact kinetic
energy for AS800 and SN282 silicon nitrides disks impacted by
1.59-mm-diameter steel ball projectiles. The slope of 1/5 indicates
a theoretical value based on Eq. (§). The error bars indicate +1.0
standard deviations. “AsR” indicates as-received biaxial flexure
strength of each material.

cone [1,5,9]. The latter simplification was based on the fact that the
stress intensity factor solution of a cone crack was not available and
that the geometry of a cone crack system varied with projectile, target
materials and impact conditions (velocity), etc.  With those
assumptions, strength degradation was modeled using Hertzian contact
analysis, the principle of energy conservation, and indentation fracture
relations. The model, despite several assumptions, was in good
agreement with experimental data determined for glass impacted by
steel or tungsten carbide spherical projectiles [1]. The resulting
strength degradation as a function of impact velocity is expressed as
follows [1]:

O'/ :q)(k/E)Z/lsp—l/SR—HSK:C/S V-Z/S (4)

where @ is a constant and K¢ is fracture toughness of target material.
Equation (4) can also be expressed in terms of impact kinetic energy,
Ux=mV*?2 with m being the projectile mass, to yield

o./ =q>'(k/E)2“5R-”ISK:C/3 UI-(I/S (5)

where @’=(27/3)"® ®. For a given target material and a given material
and geometry of a projectile, the post-impact strength depends on
[impact velocity]>* or [impact kinetic energy]'” 5 as seen from Eq. (4)
or (5).

The post-impact strength (log o;) data shown in Figure 4 were
plotted as a function of impact kinetic energy (log Uy) in Figure 11
based on Eq. (5). It is noted from the figure that the discrepancy in
slope between the prediction (=-1/5) and the experimental data seemed
insignificant at impact energy of Ux<0.8 J (V<300 m/s) for both AS800
and SN282, except for the lower-strength regime of SN282. However,
the discrepancy was significant above Uy>0.8 J for AS800 at the upper
strength regime while SN282 is already at the lower-strength regime,



i.e.,, V2V, The strength degradation model (Eq. 4 or 5) assumed that
cone cracks are the dominant strength controlling flaws. However, as
seen in this work (e.g., see the fracture map in Figure 10), cone
cracking rarely controlled post-impact strength; instead ring or radial
cracks did control the strength in most cases. In addition, several
different types of flaws were associated individually or simultaneously
in the impact event, depending on impact velocity. Hence, the cone-
cracking model, Eq. (4 or 5), would not be appropriate to describe
adequately the post-impact biaxial strength behavior of AS800 and
SN282 silicon nitrides, as also observed previously from uniaxial
flexure beam target specimens [11,12]. One of the reasons for this is
that the significant plastic deformation of a projectile upon
impactdeviates remarkably from the model’s assumption of idealized
elastic impact. The complex nature of cracking behavior and the
considerable plastic deformation of projectiles encountered in this work
would be the most hindering factors to develop a unified strength
degradation model applicable over a wide range of impact velocities.
This again gives one a precaution that a routine use of any
program/software would never be made without thorough
understanding  of  failure/deformation  mechanisms  involved.
Furthermore, because of the inherent scatter of post-impact strength
caused by the different types of damage/cracking generated, use of only
a few specimens at a given impact velocity might result in a serious
misinterpretation on overall impact behavior,and hence, should be
avoided.

Key Material Parameter to FOD Resistance

Although the model (Eq. 4 or 5) does not predict the post-impact
strength behavior in a wide range of impact energy, it has shown to be
able to determine a key material parameter to affect the resistance to
FOD [11,12]. For most silicon nitrides, elastic modulus (E), hardness,
density, and Poisson’s ratio (v) are quite similar. For a given projectile,
impact velocity, and given target specimen geometry, the post-impact
strength, according to Eq. (4 or 5), depends on the fracture toughness of
a target material with a relation of gy o [Kic]*. This leads to a simple
expression of the post-impact strength ratio between AS800 and SN282
silicon nitrides as follows

Uf/ASBOO =[II§lcusaoo ]4/3 (6)

O r1snas2 1C1SN282
Use of this relation together with the values of fracture toughness (see
Table 1) determined for both AS800 and SN282 yielded that the post-
impact strength of AS800 was 1.68 times greater than that of SN282.
The actual strength ratio at 220 m/s and 300 m/s (only available
velocities for comparison) was found to be 1.6 and 1.5, respectively,
resulting in good agreement. It would be reasonable to conclude that a
silicon nitride with greater fracture toughness can possess greater FOD
resistance than another silicon nitride with lower fracture toughness, as
also seen in the previous study with flexure bar specimens [11,12]. In
the previous study [11,12], the major issue on the key material
parameter (Kjc) has been investigated more extensively using an
additional conventional, equiaxed, fine-grained silicon nitride (NC132),
as summarized in Figure 12 as critical impact velocity as a function of
fracture toughness [12]. The general trend manifest from the figure is
that critical impact velocity increases with increasing fracture
toughness, leading to the conclusion that fracture toughness is a key
material parameter affecting FOD resistance in silicon nitrides. This is
also understandable if one considers that fracture toughness is a
measure of resistance to crack initiation and propagation.
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Figure 12. General trend of critical impact velocity as a function of
fracture toughness for two in-situ toughened AS800 and SN282
silicon nitrides and one equixed fine-grained NC132 silicon nitride
[12].

Comparisons
Projectiles: 'blunt’ vs. ‘sharp’

A comparison of post-impact biaxial strength of silicon nitrides
between “blunt” steel-ball impact (this study) and “sharp” SiC-particles
(grit # 16 and 46) impact [3,25] is shown in Figure 13. Note a
considerable strength degradation for the case of sharp particle impact
occurring even at much lower impact kinetic energy, showing that the
severity of impact damage was far greater in “sharp” particle impact
than in “blunt” (steel-ball) projectile impact. The sharp, more elastic
particle impact by SiC particles typically produced radial cracks
emanating from the impact sites (similar to the Vickers indent cracks
that originate from the corners of an impression site), thereby resulting
in significant strength degradation. It should be noted that fracture
toughness of AS440 silicon nitride was greater (about 30%) than that of
GNI10 silicon nitride; hence, as expected, post-impact strength in sharp
particle impact was greater for AS440 than for GN10. The results in
Figure 13 show again that for a given target material and a given
impact energy, the geometry and material of projectiles are very
important parameters affecting post-impact strength or FOD behavior
of advanced ceramics.

Target specimens: disks vs. flexure bars

Figure 14 shows a comparison of post-impact strength behavior
between the biaxial disks (2-mm thickness and 45-mm diameter) in this
work and the uniaxial flexure bars (4 mm x 3 mm x 45 mm in width,
depth and length, respectively) in the previous work [11,12]. Both
disks and flexure bars were rigidly supported and the same steel-ball
projectiles were used. For a given impact velocity, the overall post-
impact strength was higher for uniaxial flexure bars than for biaxial
disks because of the size effect.”

* A prediction of strength from one specimen configuration (uniaxial) to another
(biaxial) was made using the principle of independent action (PIA, Weibull
statistics) with surface flaws for as-received specimens. The ratio of predicted
biaxial to uniaxial strength (as-received) was 0.90 and 0.82 for AS800 and
SN282, respectively; whereas, the ratio of actual biaxial and uniaxial strength



1000 —————r——+rrr—— T T
800 [AsR Disks/RT

600
500

Y Ball projectiles

POST-IMPACT STRENGTH, o, [MPa]

300 [This study]
SN282
200 + AS440 SN
Sharp SiC particles
[disks: Refs 3,24)
GN10 SN
§ r
100 RN —— ]
80 d s 4a 4] PR | gl ek i L hedebd A2t
10° 104 103 102 10 10° 10!

IMPACT KINETIC ENERGY, U, [J]

Figure 13. Comparison of pest-impact biaxial strength as a
function of impact kinetic energy between “sharp” SiC particle
impact for AS440 and GN10 silicon nitrides [3,24] and “blunt”
steel ball projectile impact (this work). The error bars indicate
1.0 standard deviations. A theoretical slope (=1/5) is included.

® 1000 —————————————————
B
3
5 800 1
-
P
2 600
=
&
7
400 .
Q
<
[}
Z 200 1
=
8
-4 0 -
0 100 200 300 400 500

IMPACT VELOCITY, V [m/s]

Figure 14. Comparison of post-impact strength as a function of
impact velocity between uniaxial flexure bars [11,12] and biaxial
disks [this study] of AS800 and SN282 silicon nitrides impacted by
1.59-mm-diameter steel ball projectiles at ambient temperature.
“AsR” indicates as-received uniaxial and biaxial flexure strength of
both materials. The error bars indicate £1.0 standard deviations.

The critical impact velocity for uniaxial bars was V=300 and 400 m/s
for SN282 and AS800, respectively, while for biaxial disks it was
V=300 m/s and 440 nv/s for SN282 and AS800, respectively, resulting
in basically good agreement in ¥, between the two different specimen

was found to be 0.89 and 0.72. From excellent to reasonable agreement was
found for AS800 and SN282 specimens, respectively. Weibull modulus was
taken in this prediction as m=20 and 10 for AS800 and SN282, respectively.

configurations. However, the lower-strength regime uniquely
occurring in biaxial disks was not seen in uniaxial flexure bars,
primarily due to the difference in specimen thickness - thin (disks)
versus thick (flexure bars). Furthermore, the backside cracking
characterized in biaxial disks did not exhibit in flexure bars, possibly
again due to the difference in specimen thickness, as noted by the
elastic-foundation approach. Although the general trend of post-impact
strength with respect to impact velocity seemed similar in both
specimen configurations, the occurrence of significant radial and
backside cracking was very different from one specimen configuration
to another. This implies that a particular set of impact data generated
under particular impact conditions may not be universally applicable to
a wide range of applications.

Other Factors of Consideration

Designing aeroengine components to withstand FOD events is a
complex task. Consideration of many factors is required, both in the
generation of FOD data as well as in actual component design efforts.
A sample of these numerous factors includes the following:

Effect of projectile material/geometry

Effect of test specimen material/geometry

Effect of test-specimen support and component attachment
Effect of temperature/environment '
Appropriate protective coatings

Geometrical component design to enhance FOD resistance
FOD/Reliability/Life prediction methodologies

Not only must each of these factors be scrutinized individually, but the
effects of interactions between multiple factors also must be
accommodated. Notwithstanding the immense challenges this poses, a
strategy for mitigating FOD damage must be developed and employed
in order to achieve the most desirable performance of components in
service. Hence, some of these factors are immediate subjects of study
and the related work is under way, such as in the tasks reported in this
manuscript. Others are long-term efforts and are pursued continually in
the quest for improving the efficiency and reliability of aeroengine
components.

CONCLUSIONS

Based on the results of FOD testing using biaxial disks at ambient
temperature for two in-situ toughened, gas-turbine grade silicon nitrides
(AS800 and SN282), following conclusions were made:

1) The overall resistance - estimated by post-impact strength - to
foreign object damage (FOD) by 1.59-mm-diameter steel-ball
projectiles was found to be greater for AS800 silicon nitride than
for SN282 silicon nitride in an impact velocity range from 115 to
440 m/s, due to greater fracture toughness of AS800.

2) The critical impact velocity, in which biaxial disk target
specimens exhibited the lowest post-impact strength, was about
440 m/s and 300 m/s, respectively, for AS800 and SN282 silicon
nitrides. The occurrence of critical impact velocity was associated
with the generation of significant sizes (4-7 mm) of radial cracks
originating from the impact sites.

3) No single crack system was involved in impact event with
increasing impact velocity, resulting in several different types of
flaws associated individually or simultaneously. A fracture map
was proposed to identify the occurrence of particular crack



4)

5)

systems including ring, radial, cone, and backside cracking with
respect to impact velocity.

In terms of the difference of specimen geometry/configuration, the
degree of additional damage by radial and backside cracking was
much more severe in thin biaxial specimens than in thick uniaxial
flexure bars. This indicates that a particular set of impact data
generated under particular impact conditions may not be
universally applicable to a variety of applications. A case-by-case
approach to specific geometry/configuration should be taken into
consideration.

It should be noted that the test specimen configuration used in this
work may not be representative of actual engine components.
Hence, future work should include the effect of specimen supports
on FOD to relate to engine components such as blades and vanes.
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